THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 33, pp. 23246-23255, August 15, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Metformin Suppresses Lipopolysaccharide (LPS)-induced
Inflammatory Response in Murine Macrophages via
Activating Transcription Factor-3 (ATF-3) Induction™
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(Background: Metformin exhibits anti-inflammatory effects.

against LPS-induced inflammation.

tion-related diseases, i.e. ATF-3 modulation.
.

Results: In murine macrophages, metformin induces activating transcription factor-3 (ATF-3) in parallel with protective effects

Conclusion: Anti-inflammatory action of metformin is at least partly mediated via ATF-3 induction.
Significance: This finding provides a new perspective on metformin action and novel therapeutic means of treating inflamma-
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Metformin, a well known antidiabetic agent that improves
peripheral insulin sensitivity, also elicits anti-inflammatory
actions, but its mechanism is unclear. Here, we investigated the
mechanism responsible for the anti-inflammatory effect of
metformin action in lipopolysaccharide (LPS)-stimulated
murine macrophages. Metformin inhibited LPS-induced pro-
duction of tumor necrosis factor-a (TNF-«) and interleu-
kin-6 (IL-6) in a concentration-dependent manner and in
parallel induction of activating transcription factor-3 (ATF-
3), a transcription factor and member of the cAMP-respon-
sive element-binding protein family. ATF-3 knockdown abol-
ished the inhibitory effects of metformin on LPS-induced
proinflammatory cytokine production accompanied with
reversal of metformin-induced suppression of mitogen-acti-
vated protein kinase (MAPK) phosphorylation. Conversely,
AMP-activated protein kinase (AMPK) phosphorylation and
NEF-kB suppression by metformin were unaffected by ATF-3
knockdown. ChIP-PCR analysis revealed that LPS-induced
NF-kB enrichments on the promoters of IL-6 and TNF-«
were replaced by ATF-3 upon metformin treatment. AMPK
knockdown blunted all the effects of metformin (ATF-3
induction, proinflammatory cytokine inhibition, and MAPK
inactivation), suggesting that AMPK activation by metformin
is required for and precedes ATF-3 induction. Oral adminis-
tration of metformin to either mice with LPS-induced endo-
toxemia or ob/ob mice lowered the plasma and tissue levels of
TNF-a and IL-6 and increased ATF-3 expression in spleen
and lungs. These results suggest that metformin exhibits
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anti-inflammatory action in macrophages at least in part via
pathways involving AMPK activation and ATF-3 induction.

Metformin is a widely used antidiabetic drug that increases
the peripheral uptake of glucose (1, 2) and decreases hepatic
glucose production (3, 4). However, the mechanism responsible
for the effect of metformin on glucose homeostasis remains
unclear. LKB1-AMPIK? activation followed by transcriptional
activation of gluconeogenic genes has been suggested as a
molecular mechanism of metformin action (5-7). Conversely,
other reports suggest that metformin inhibits complex 1 of the
mitochondrial respiratory chain (8, 9), and its antidiabetic
effects are independent of the LKB1-AMPK pathway via a
decrease in hepatic energy state (10).

Chronic low grade inflammation is associated with the devel-
opment of insulin resistance, and obesity-driven progressive
infiltration of macrophages into adipose tissues and subsequent
activation of macrophages lead to a considerable amplification
of the inflammatory states via production of a variety of proin-
flammatory cytokines, impairing insulin signaling in insulin-
sensitive tissues (11, 12). Notably, clinical outcomes suggest
that metformin may alter inflammation independently of its
effect on glycemic control (13, 14). Furthermore, reports have
described the anti-inflammatory effects of metformin on vari-
ous cell types including human vascular smooth muscle cells
and endothelial cells (15-17). However, the mechanisms
underlying the anti-inflammatory effects of metformin and the
relative contribution of its anti-inflammatory action to amelio-
rating insulin resistance remain to be fully elucidated.

Activating transcription factor-3 (ATF-3) is a member of the
ATF/cAMP-responsive element-binding protein family of

3 The abbreviations used are: AMPK, AMP-activated protein kinase; ATF-3,
activating transcription factor-3; TLR, toll-like receptor; AICAR, 5-aminoimi-
dazolecarboxamide riboside; qPCR, quantitative PCR; bid, twice a day.
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basic leucine zipper-type transcription factors (18) and is mark-
edly induced by various stresses including LPS in endothelial
cells, smooth muscle cells, and macrophages (19). The biologi-
cal role of ATF-3 depends on cell type and stimulus, and it can
act as either a transcriptional activator or repressor (20, 21).
Recent studies based on systems biologic approaches have
shown that ATF-3 acts as a negative regulator of toll-like recep-
tor 4 (TLR-4) by directly binding to the promoter region of
IL-6 (22). Furthermore, Gilchrist et al. (22) found that circu-
lating levels of IL-6 and IL-12b were significantly higher in
ATEF-3 knock-out mice treated with intraperitoneal LPS than
in wild type mice, thus confirming the negative effect of
ATEF-3 on LPS response in vivo. Intriguingly, ATF-3 has also
been shown to attenuate saturated free fatty acid and TLR-4
signaling and macrophage activation in obese adipose tissues
in vivo (23).

Recently, it was shown that the tyrosine kinase c-Src regulates
TLR signaling via ATF-3 induction (24), and c-Src activation may
be involved in metformin action via the PI3K-LKB1-AMPK path-
way (6). Thus, we hypothesized that the anti-inflammatory effects
of metformin in macrophages are due to the induction of ATF-3.
The anti-inflammatory mechanism of metformin was investigated
using RAW264.7 murine macrophages and peritoneal macro-
phages, and inflammatory conditions were induced by treating
cells with LPS, a bacterial product that induces metabolic inflam-
mation in vivo (25). It was found that metformin protected against
LPS-induced production of TNF-« and IL-6 in murine macro-
phages at least in part via ATF-3 induction in an AMPK-depen-
dent manner. Notably, oral metformin induced both ATEF-3
expression and AMPK phosphorylation in lungs and spleen and
concomitantly reduced the plasma and tissue levels of TNF-o and
IL-6. These results provide first evidence that the pharmacological
modulation of ATF-3 may have an anti-inflammatory effect and
ameliorate insulin resistance.

EXPERIMENTAL PROCEDURES

Animals—Male C57BL/6] mice (6 weeks old) were obtained
from Orient Bio (Seongnam, Korea). Animals were housed
under specific pathogen-free conditions in an air-conditioned
room at 23 * 2 °C. Food and water were supplied ad libitum.
C57BL/6]-Lep°® leptin-deficient mice (ob/ob mice, male, 6
weeks old) were inbred in the Korean Research Institute of
Chemical Technology (Taejeon, Korea). Mice were randomly
allocated to control and metformin groups. All animal proce-
dures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the United
States National Institutes of Health (National Academy, 1996)
and approved by the Animal Care and Use Committee at
Gachon University.

Materials—Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), penicillin, glutamine, streptomycin,
Lipofectamine 2000, and Opti-MEM medium were obtained
from Invitrogen. LPS (Escherichia coli 055:B5), metformin,
5-aminoimidazolecarboxamide riboside (AICAR), and all other
chemicals were from Sigma. TNF-q, IL-1, and IL-6 ELISA kits
were from Enzo Life Sciences (New York, NY). Antibodies
against phospho-AMPK-«a (Thr'”?), AMPK, phospho-]JNK
(Thr'®/Tyr'®%), phospho-acetyl-CoA carboxylase (Thr'”?),
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and phospho-p38 (Thr'®’/Tyr'®?) were from Cell Signaling
Technology (Beverly, MA). Antibodies against IgG, B-actin,
ATF-3, p65, phospho-ERK1/2 (Tyr***), and ERK1/2 were from
Santa Cruz Biotechnology (Santa Cruz, CA).

Cell Culture and Treatment—RAW264.7 mouse macro-
phages (Korea Cell Line Bank) were seeded in 12-well plates at
a density of 5 X 10° cells/well in DMEM supplemented with 2
mM L-glutamine, 100 units/ml penicillin, 100 ug/ml streptomy-
cin, and 10% (v/v) heat-inactivated fetal bovine serum in a
humidified 5% CO, atmosphere at 37 °C. Mouse peritoneal
macrophages were isolated from C57BL/6] mice after stimula-
tion with an intraperitoneal injection of 2% thioglycolate solu-
tion (3 ml/mouse).

Real Time Quantitative (qPCR) and Reverse Transcription
(RT)-PCR—Total RNA was isolated from cells and tissues using
easy-BLUE Total RNA extraction kits (iNtRON Inc., Korea).
Reverse transcription of total RNA (1 ug) was performed using
AccuPower RT PreMix (Bioneer Inc., Korea). The primers for
RT-PCR and qPCR to amplify TNF-«, IL-6, ATF-3, and
GAPDH (internal standard) were as follows (where F repre-
sents forward and R represents reverse): for RT-PCR: ATF-3
(F), TTG CTA ACC TGA CAC CCT TTG; ATE-3 (R), CGG
TGC AGG TTG AGC ATG TA; GAPDH (F), TTC ACC ACC
ATG GAG AAG GC; GAPDH (R), GGCATG GACTGT GGT
CAT GA; for qPCR: TNF-a (F), CTG TAG CCC ACG TCG
TAG C; TNF-a (R), TTG AGA TCCATG CCG TTG; IL-6 (F),
TCT AAT TCA TAT CTT CAA CCA AGA GG;IL-6 (R), TGG
TCC TTA GCC ACT CCT TC; ATE-3 (F), GCT GGA GTC
AGT TAC CGT CAA; ATE-3 (R), CGC CTC CTT TTC CTC
TCA; GAPDH (F), CCT TGA GAT CAA CAC GTA CCA G;
GAPDH (R), CGC CTG TAC ACT CCA CCA C. Reverse tran-
scription-PCR was conducted using 35 cycles of denaturation
at 94 °C for 1 min, annealing at 60 °C for 1 min, and extension at
72 °C for 1 min followed by extension at 72 °C for 10 min. After
amplification, PCR mixtures were electrophoresed on 1.5%
agarose gels and visualized by Gel Red (Elpis Biotech, Taejeon,
Korea) staining under UV light. gPCR was done using Light-
Cycler DNA Master SYBR Green I on a Roche LightCycler 2.0
(Roche Applied Science). Relative abundances of mRNA were
calculated with respect to GAPDH.

Western Blotting—Cells were lysed in lysis buffer containing
50 mm HEPES (pH 7.0), 250 mm NaCl, 5 mm EDTA, 0.1% Non-
idet P-40, 1 mm phenylmethylsulfonyl fluoride, 0.5 mm dithio-
threitol, 5 mm sodium fluoride, 0.5 mm sodium orthovanadate,
5 ug/ml leupeptin, and 5 pug/ml aprotinin by incubating for 10
min at 4 °C. Following centrifugation at 12,000 rpm and dena-
turation, 50 ug of total proteins was loaded into an 8% sodium
dodecyl sulfate-polyacrylamide gel and subsequently trans-
ferred to nitrocellulose membranes (Amersham Biosciences).
Blocked membranes were then incubated with the indicated
antibodies and then treated with secondary antibodies conju-
gated with horseradish peroxidase (HRP). Immunoreactive
bands were visualized by enhanced chemiluminescence (Amer-
sham Biosciences) and quantified using UN-SCAN-IT Gel 5.1
software (Silk Scientific Inc., Orem, UT). Protein concentra-
tions were determined using Bio-Rad protein assay reagent
according to the manufacturer’s instructions.
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ATF-3 and AMPK Knockdown—Transfection of small inter-
fering RNA (siRNA) (100 nm each/well) against al-AMPK,
ATE-3, or negative control siRNA (Santa Cruz Biotechnology)
into primary peritoneal macrophages (5 X 10° cells/well at
70-80% confluence) was accomplished using Lipofectamine
2000 reagent (6 ul/well). Cells were then incubated in Opti-
MEM medium for 6 h, and media were replaced with DMEM
containing 10% EBS. Eighteen hours later, cells were treated
with LPS (10 ng/ml) in the presence or absence of metformin (2
mM, 24 h).

Chromatin Immunoprecipitation (ChIP)-PCR—ChIP assays
were performed as described previously (26). Briefly, treated
RAW?264.7 cells (5 X 10° cells/well) were cross-linked with 1%
formaldehyde for 10 min at 37 °C. After washing cells with ice-
cold PBS, nuclei were collected and sonicated, and then chro-
matin solution (500 ug) was incubated with Dynabeads protein
A (Invitrogen) and 5 ug of rabbit anti-ATF-3 or rabbit anti-p65
at 4 °C overnight. Antibody-bound complexes were obtained,
and DNA fragments extricated from these complexes were
purified using a QIAquick PCR Purification kit (Qiagen, Shang-
hai, China). The purified DNA samples were analyzed by
conventional PCR. Primers for PCR are as follows: Cyclo (F),
TGGAGAGCACCAAGACAGACA, Cyclo (R)-TGCCGGAG-
TCGACAATGAT; TNF-a (F), AGAAGAAACCGAGACAG-
AGGTGTAG; TNF-a (R), TTCAACCCTCGGAAAACTT-
CCT;IL-6 (F), GATAAGGGCAACTCTCACAGAGACT;IL-6
(R), TCAAGCAATCTTGGCTTCCA.

In Vivo Study—C57BL/6] mice were orally administered
either vehicle (saline, 200 wl/20 g, » = 5) or metformin (250 or
500 mg/kg, bid, 200 ul/20 g, n = 5 each dose) for 3 days. On day
4, LPS (20 mg/kg, intraperitoneal) was administered 3 h after
the last metformin administration. One hour later, mice were
anesthetized with diethyl ether, and whole blood was collected
by cardiac puncture. As another animal model, ob/ob mice
were orally administered either vehicle (saline, 200 ul/40 g, n =
4) or metformin (250 mg/kg, bid, 200 ul/40 g, n = 5) for 3 weeks.
Tail blood glucose concentrations were measured weekly
(Accu-Chek, Roche Diagnostics GmbH). After 3 weeks, plasma
was obtained from whole blood by centrifugation and stored at
—20 °C until assayed. Plasma insulin concentration was deter-
mined by ELISA according to the manufacturer’s instructions
(Millipore, Billerica, MA). Lungs and spleens were removed and
frozen immediately in liquid nitrogen until assayed. For immu-
nohistochemistry, isolated tissues were embedded in paraffin,
fixed, sectioned (4-um thickness), and stained using a Dako
LSAB-HRP kit (Dako, Carpinteria, CA). After deparaffinization
in xylene and antigen retrieval in citrate buffer, tissue sections
were treated with hydrogen peroxide (3%) and incubated with
anti-ATF-3 polyclonal antibody (1:500) for 1 h followed by
30-min incubation with biotinylated linker as a secondary anti-
body. Antibody complexes were detected using 3,3'-diamino-
benzidine tetrahydrochloride. The sections were then mounted
for light microscopy after counterstaining with hematoxylin.
For protein analysis, tissues were homogenized and lysed with a
Prep-sol (iNtRON Inc.).

Statistical Analysis—Results are expressed as means * S.E.
Statistical significance was determined by one-way analysis of
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variance followed by Tukey’s multiple comparison test. Statis-
tical significance was accepted for p values <0.05.

RESULTS

Effects of Metformin on the LPS-induced TNF-o, IL-6, and
ATF-3 Expression—LPS markedly increased the production of
TNEF-a and IL-6 in murine primary macrophages, and met-
formin (0.5-4 mMm) concentration-dependently suppressed
these LPS-induced increases (Fig. 1, A and B). The effects of
metformin were also time-dependent (results not shown). Met-
formin alone had little effect on the production of TNF-« and
IL-6 in the absence of LPS. Under this experimental condition,
no metformin cytotoxicity was observed.

As shown in Fig. 1C, LPS substantially increased ATF-3 pro-
tein as compared with control, and metformin additively
increased ATF-3 expression in a concentration-dependent
manner (left panel). Metformin itself increased ATF-3
expression at higher than 2 mm concentration (right panel).
Based on these results, 2 mm metformin was chosen in fur-
ther experiments.

Involvement of ATF-3 in the Action Mechanism of Metformin—
To ascertain the involvement of ATF-3 in the protective
effects of metformin against LPS-induced inflammation, we
examined the effects of ATF-3 siRNA on metformin action.
ATE-3 protein and mRNA were reduced by ~70% after
ATF-3 siRNA transfection as compared with control siRNA
in primary macrophages (Fig. 24). ATF-3 siRNA partially
but significantly attenuated the inhibitory effects of met-
formin on the production of TNF-«a (from 6.40 = 3.49 to
68.8 = 8.56% of control) and IL-6 (from 13.1 + 0.01 to 88.2 =
0.06% of control) (Fig. 2B).

Effects of ATF-3 Knockdown on Metformin-induced Suppres-
sion of TLR Signaling—We examined the effects of metformin
on LPS-induced MAPK phosphorylation and the effects of
ATEF-3 siRNA on metformin action. Rapid increase of ERK,
JNK, and p38 MAPK phosphorylation by LPS was suppressed
by metformin in primary macrophages, and this effect was abol-
ished by ATF-3 knockdown (Fig. 34). However, ATF-3 siRNA
had little effect on metformin-suppressed NF-«B activation by
LPS (Fig. 3B). These results suggest that ATF-3 induction fol-
lowed by MAPK inactivation is important for metformin
action, but NF-«B suppression is unlikely to be the major mech-
anism of metformin action in murine macrophages.

Next, we examined the effects of ATF-3 siRNA on the
metformin-induced phosphorylation of AMPK. As shown in
Fig. 3C, ATF-3 siRNA had little effect on AMPK-a-Thr'”?
phosphorylation, which is essential for AMPK activity, sug-
gesting that AMPK activation by metformin precedes ATF-3
induction.

Because both LPS and metformin induce ATF-3 expres-
sion but produce opposite action with regard to proinflam-
matory cytokine production, we carried out ChIP-PCR anal-
ysis using RAW264.7 cells to define molecular mechanisms
involved in this paradoxical action. As shown in Fig. 3D,
ATEF-3 binding to the promoters of TNF-« and IL-6 was
enriched in the presence of metformin as compared with LPS
alone, whereas LPS-induced NF-«B binding to each pro-
moter was reduced by metformin, suggesting that met-
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FIGURE 1. Effects of metformin on LPS-induced proinflammatory cytokine production and ATF-3 induction. Primary macrophages (5 X 10° cells/well)
were treated with metformin (Met) (0. 5-4 mwm) for 20 h and then stimulated with 10 ng/ml LPS for 4 h. Levels of TNF-« (A) and IL-6 (B) in culture media were
determined by ELISA. C, ATF-3 expression was determined by Western blotting, and densitometric analysis was carried out by using UN-SCAN-IT Gel 5.1
software. As a control, the cells were also treated with metformin alone in the absence of LPS. Results are expressed as means = S.E. (error bars) of three
independent experiments performed in triplicate. ¥, p < 0.05 versus LPS alone; #, p < 0.05 versus control. C, control.
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FIGURE 2. Effects of ATF-3 knockdown on the protective effects of metformin against LPS-induced inflammation. ATF-3 siRNA (100 nm) was transfected
into primary macrophages, and the extent of ATF-3 knockdown was determined by RT-PCR (left panel) and Western blotting (right panel) (A). Then the cells were
treated with 2 mm metformin (M) for 20 h followed by LPS (L) for 4 h. Levels of TNF-« and IL-6 in the culture media were determined by ELISA (B). Results are
expressed as means = S.E. (error bars) of three independent experiments performed in triplicate. *, p < 0.05 versus LPS alone; #, p < 0.05 versus control siRNA.

Con, control.

control; IL-6, from 5.10 * 2.50 to 73.8 = 5.77% of control),
ATE-3 induction (Fig. 4C), and MAPK inactivation (Fig. 4D).

The involvement of AMPK in the ATF-3-mediated anti-in-
flammatory effects was further confirmed using AICAR (an
AMPK activator) and compound C (an AMPK inhibitor) under
similar experimental conditions. As shown in Fig. 4E, AICAR
mimicked the effects of metformin vis-a-vis ATF-3 induction

formin-induced ATF-3 appears to suppress proinflamma-
tory cytokine production via competition with NF-kB for
binding to TNF-« and IL-6 promoters.

Involvement of AMPK in Metformin Action against LPS-
induced Inflammation—AMPK siRNA reduced the AMPK
protein level by 68% in primary macrophages as compared
with control siRNA (Fig. 44). AMPK knockdown blunted

metformin action including suppression of proinflammatory
cytokine (Fig. 4B; TNFe, from 17.3 = 1.30 t0 92.9 = 1.31% of
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and suppression of the production of proinflammatory cyto-
kines. In addition, compound C (5 um) attenuated all the effects
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FIGURE 3. Effects of ATF-3 knockdown on the suppressive effects of metformin against LPS-induced MAPK phosphorylation. Control siRNA or ATF-3
siRNA was transfected into primary macrophages (A-C). Cells were then treated with metformin (M) (2 mm) for 20 h followed by LPS (L) for 30 min. Phosphor-
ylated levels of p38 (Thr'®%/Tyr'®2) (p-p38), ERK (Tyr?®%) (p-ERK), INK (Thr'®3/Tyr'®%) (p-JNK), IkBa (Ser*?3¢) (p-IkBe), and AMPK-ac (Thr'7?) (p-AMPK) were
determined by Western blotting. *, p < 0.05 versus control. D, ChIP-PCR was carried out after RAW264.7 cells were treated with LPS in the presence or absence
of 2 mm metformin using either ATF-3 antibody or NF-«B antibody forimmunoprecipitation. Relative mRNA levels of TNF-acand IL-6 were normalized versus IgG
control. The experiment was repeated three times, and representative results are shown. Error bars represent S.E. *, p < 0.05 versus ATF-3 in LPS-treated cells;

#, p < 0.05 versus NF-kB-p65 in LPS-treated cells. Con, control.

of metformin (i.e. ATF-3 and phospho-AMPK expression and
suppression of TNF-« and IL-6 production) (Fig. 4F). These
results suggest that metformin-induced AMPK activation is
required for ATF-3 induction followed by suppression of LPS-
induced MAPK phosphorylation and proinflammatory cyto-
kine production.

Effects of Metformin in an LPS-induced Septic Shock Mouse
Model—As shown in Fig. 54, LPS increased the plasma levels of
TNE-« and IL-6 (the effect was maximal at 1 h and then rapidly
declined). The proinflammatory cytokine levels were signifi-
cantly and dose-dependently reduced by metformin (TNF-a,
474 * 3.62 and 71.9 = 3.99% inhibition; IL-6, 24.9 = 2.88 and
60.1 = 3.91% inhibition at 250 and 500 mg/kg, bid, respec-
tively). There was little change in body weights between treat-
ments, and no apparent toxicity due to metformin administra-
tion was observed (Fig. 5B). AMPK and acetyl-CoA carboxylase
phosphorylation was higher in the lungs and spleens (two major
tissues in terms of macrophage production) of the metformin-
treated group than in the LPS-treated group (Fig. 5, Cand E). In
parallel, the protein (Fig. 5, C and E) and mRNA levels (Fig. 5, D
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and F) of TNF-« and IL-6 were reduced upon metformin treat-
ment in both tissues. As expected, ATF-3 protein levels were
elevated in the lungs and spleens to 2.36- and 2.15-fold at 500
mg/kg metformin, respectively, as compared with the LPS-
treated group, and this was further confirmed by immunohis-
tochemistry (detected as brownish color; Fig. 5G). No difference
in IgG control was detected.

Effect of Metformin in the ob/ob Mouse Model—Ob/ob mice
develop insulin resistance and inflammation in various tissues
and represent a well established model of obesity and type 2
diabetes. To obtain further evidence that metformin modulates
the inflammatory pathway via ATF-3 induction, we adminis-
tered metformin orally to ob/ob mice at 250 mg/kg for 3 weeks
and analyzed proinflammatory cytokines and ATF-3 in plasma
and tissues. As shown in Fig. 64, metformin significantly low-
ered proinflammatory cytokine levels in plasma (49.1 = 2.51%
inhibition of TNF-« and 46.3 = 3.48% inhibition of IL-6) and
decreased plasma glucose levels (Fig. 6B; 33.8 = 6.58% inhibi-
tion) with decreased plasma insulin (from 3.05 = 0.33 to 1.97 =
0.17 ng/ml; Fig. 6C). Changes in body weight were insignificant
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(Fig. 6D). Metformin increased AMPK phosphorylation (2.41-
and 5.26-fold) and ATF-3 expression (2.55- and 2.20-fold) in
lung and spleen tissues, respectively, as compared with the
vehicle-treated group with reduced TNF-a and IL-6 levels
(TNF-q, 64.8 £ 3.54 and 61.0 = 8.69% inhibition; IL-6, 61.3 =
8.49 and 41.4 * 10.9% inhibition in lungs and spleens, respec-
tively) (Fig. 6E).

DISCUSSION

The present study shows that metformin inhibits LPS-in-
duced proinflammatory cytokine production in murine macro-
phages at least in part via an AMPK-ATF-3-dependent mech-
anism. In accordance with the previous finding that ATF-3
plays an important role as a negative regulator of TLR signaling
(22), this study shows for the first time that metformin, an
antidiabetic drug, suppresses TLR signaling by inducing ATF-3
expression.

Metformin is known to act as an insulin sensitizer in liver and
skeletal muscle and has been reported to reduce cardiovascular
complications in diabetic patients, which implies anti-inflam-
matory effects (13, 27, 28), but its mechanisms beyond glycemic
control still remain poorly understood. Of note, metformin has
been reported to ameliorate inflammation in various cells
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including endothelial cells (15, 16). AMPK activation appears to
be involved in metformin action possibly via an indirect man-
ner (8, 9) and has also been suggested to be an anti-inflamma-
tory target. For example, AMPK activation is associated with
endothelial NOS activation in endothelial cells (29) and with
inducible NOS inhibition in myocytes, adipocytes, and mouse
bone marrow-derived macrophages (30). Furthermore, met-
formin attenuates TNF-a-induced expression of proinflamma-
tory and adhesion genes via AMPK activation in endothelial
cells (15, 16). Conversely, the anti-inflammatory action of
AICAR has been reported to be independent of AMPK (31, 32),
which suggests that the action mechanisms of AICAR and met-
formin differ. In the present study, modulation of AMPK acti-
vation using AMPK siRNA or AICAR showed that AMPK acti-
vation may be responsible for the protective effects of
metformin against LPS-induced inflammation in murine
macrophages.

The functional significance of ATF-3 is unclear, and it has
been reported to have both protective and detrimental effects.
In a recent study, the transcriptional regulatory network acti-
vated by bacterial LPS in murine macrophages was analyzed,
and ATF-3 was found to play novel roles during the inflamma-
tory response (33). Upon LPS exposure in macrophages, NF-«B
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FIGURE 5. In vivo effects of metformin in an LPS-induced endotoxemia model. After 4 days of metformin treatment (250 (M250) and 500 (M500) mg/kg, n =
5 each dose, bid, oral), LPS (L) (20 mg/kg, intraperitoneal) was administered, 1 h later plasma was obtained by cardiac puncture, and levels of TNF-a and IL-6
were determined by ELISA (A). Changes in body weights are shown (B). The expressions of phospho-AMPK-a (Thr'”?) (p-AMPK), phospho-acetyl-CoA carbox-

172)(

ylase (Thr

p-ACC), TNF-o, and IL-6 in lung and spleen tissues were determined by Western blotting (C, lung; E, spleen) and real time qPCR (D, lung; F, spleen).

G, ATF-3 expression was detected by Western blotting (upper panel) and immunohistochemistry (lower panel). IgG was detected as a native control. The
experiment was repeated twice, and results are expressed as means = S.E. (error bars).*, p < 0.05; **, p < 0.01 versus LPS alone; #, p < 0.05 versus control. Con,

control.

was initially activated via TLR-4 activation, and then ATF-3
expression was induced to curb inflammation (22). In accord-
ance with this, we also observed that LPS induced ATEF-3
expression and that the inflammatory response induced by LPS
was further increased by ATF-3 knockdown although statisti-
cally insignificant (results not shown), suggesting that ATF-3
induction by LPS is likely an adaptive homeostatic mechanism,
restoring cellular stress to the normal condition. Thus, it may
be plausible that superinduction of ATF-3 produces protective
effects against various stress conditions (34 —36). In the present
study, metformin was found to superinduce ATF-3 expression
in a concentration- and time-dependent manner, and this
superinduction was found to inhibit proinflammatory cytokine
production. This finding suggests a novel anti-inflammatory
action mechanism of metformin, ie induction of ATF-3
expression. In support of the present results, it was shown pre-
viously that IFN-vy suppressed the LPS-induced expression of
matrix metalloproteinase in human monocytes via the superin-
duction of ATF-3 and the suppression of AP-1ina STAT1-de-
pendent manner (34).

Multiple signaling pathways are known to be activated in
macrophages after LPS exposure, and of these pathways, ERK,
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JNK, and p38 MAPK pathways are involved in the production
of proinflammatory cytokines (37). As was expected, in the
present study, LPS-induced phosphorylation of all three
MAPKs was inhibited by metformin, and this was prevented by
either ATF-3 siRNA or AMPK siRNA and accompanied by the
attenuation of metformin-suppressed proinflammatory cyto-
kine production. When the effects of ATF-3 siRNA and AMPK
siRNA on metformin action were compared, AMPK siRNA
reversed all the metformin action, i.e. ATF-3 induction, cyto-
kine suppression, and MAPK inactivation, whereas ATF-3
siRNA blocked metformin-induced suppression of proinflam-
matory cytokine production and MAPK inactivation but not
AMPK phosphorylation. Thus, AMPK activation by metformin
appears to occur prior to ATF-3 induction and to be a prereq-
uisite for ATF-3 up-regulation, leading to MAPK inactivation.
However, how AMPK activation by metformin leads to ATF-3
induction remains unclear. Interestingly, metformin improves
hepatic insulin resistance through the AMPK-small het-
erodimer partner pathway (38). The role of small heterodimer
partner and the possible interaction between small het-
erodimer partner and ATF-3 need further investigation. An
alternative pathway involved in the LPS-induced inflammatory
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response is NF-«B activation, and previous reports have shown
that metformin inhibits NF-kB-mediated inflammatory action
in an AMPK-dependent manner in endothelial cells (15-17).
Consistently, metformin inhibited LPS-induced NF-«B activa-
tion in the present study, but this effect was unaffected by
ATE-3 knockdown. Thus, it seems that NF-«B suppression and
ATEF-3 induction are two independent pathways of metformin
action and that the inhibitory action of metformin on LPS-
induced NF-kB activation may not be the primary anti-inflam-
matory mechanism of metformin in murine macrophages.
Inarecent study performed to elucidate the molecular mech-
anisms whereby ATF-3 induction leads to the inhibition of
TNEF-a and IL-6 production, it was found that ATF-3 and Rel
(NE-«B subunit) jointly regulated LPS-induced IL-6 transcrip-
tion in a temporal manner (22). At the early stage of LPS stim-
ulus, Rel binds to the promoter region of IL-6 with acetylated
histone, allowing IL-6 transcription, whereas delayed expres-
sion of ATF-3 was associated with histone deacetylase, result-
ing in the inhibition of IL-6 transcription, which suggests that
ATE-3 and NF-kB compete for binding on the promoter of
IL-6, producing opposite actions: ATF-3 down-regulates and
NEF-kB up-regulates IL-6 transcription. Our ChIP-PCR results
support this hypothesis that LPS recruits NF-«B predominantly
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on the IL-6 promoter at 1 h and that metformin-superinduced
ATE-3 occupies the IL-6 promoter region, excluding LPS-in-
duced NF-kB from binding to the promoter. Interestingly,
ATEF-3 and NF-kB counter-regulation was demonstrated by
Hua et al. (39), who showed that ATF-3 counteracts NF-kB-
mediated antiapoptotic action via suppression of antiapoptotic
gene transcription.

Two mouse models were used in the present study to confirm
our in vitro findings. Intraperitoneally administered LPS
boosted plasma levels of TNF-« and IL-6 within 1 h, and oral
metformin administered for 3 consecutive days to LPS-induced
endotoxemic mice reduced the plasma levels of both proin-
flammatory cytokines and increased AMPK phosphorylation
and ATF-3 expression in lung and spleen tissues. Likewise, oral
administration of metformin for 3 weeks to ob/ob mice reduced
plasma proinflammatory cytokines and glucose levels with
lower plasma insulin levels and concomitantly up-regulated
ATEF-3 expression and AMPK phosphorylation in tissues.
Taken together, these in vivo results further support our in vitro
findings that the anti-inflammatory action of metformin is
mediated at least in part via ATF-3 induction in macrophages,
possibly ameliorating insulin resistance. Interestingly, trans-
genic mice overexpressing human ATF-3 in macrophages had
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FIGURE 7. A proposed working model for the anti-inflammatory action of
metformin in murine macrophages. Metformin induces ATF-3 expression
via AMPK activation, resulting in protection against LPS-induced inflamma-
tory responses.

lower expression of TNF-« and IL-6 mRNAs in adipose tissues
and in peritoneal macrophages compared with that in wild type
mice (23), suggesting that ATF-3 overexpression attenuated
macrophage activation in vivo, which is consistent with our
results. However, at present, the possibility that other pathways
are also involved in the action mechanism of metformin cannot
be excluded because ATF-3 knockdown failed to fully restore
the LPS response in vitro.

In summary, metformin reduces LPS-stimulated proinflam-
matory cytokine production in murine macrophages via up-
regulation of ATF-3 expression. A proposed model of met-
formin action is presented in Fig. 7. This study provides the
novel idea that pharmacological modulation of ATF-3 expres-
sion or activation may offer a potential therapeutic means for
macrophage-driven inflammatory diseases and particularly
metabolic disorders. Our findings suggest that studies to assess
the contribution made by ATF-3 to the beneficial effects of
metformin in myocytes and hepatocytes should be conducted.
Finally, the clinical relevance of ATF-3 induction by metformin
requires further investigation.
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